Abstract -Maritime pine (Pinus pinaster Ait.) is the first conifer used for reforestation in France and now covers 2.4 million ha of the Iberian Peninsula. In order to preserve the genetic resources of this economically and ecologically important species prior knowledge of the distribution of genetic diversity is needed. In this paper, a genetic diversity study was performed using nuclear simple sequence repeats (SSRs or microsatellites). Classical parameters of diversity (allelic richness and heterozygosity) and differentiation were estimated for 47 populations of P. pinaster. Most of the populations (40) were collected in France, six populations were also collected in the Iberian Peninsula and one Moroccan population was also included in the study. The population genetic parameters indicated that some populations should be a focus of conservation efforts (higher level of diversity, higher allelic richness and presence of rare alleles). A diagnostic test for sample origin was developed to distinguish Corsican from Landes populations.
interest for ecologic and economic reasons. In a large part due to its economic importance as a plantation species, genetic resources of P. pinaster are now threatened. In France, 15 000 ha of improved seedlings are planted each year in the south-west and the introduction of improved material may modify the distribution of genetic diversity of the species. Secondly, the introduction of seeds from other geographical regions may alter the local genetic structure of the species and may constitute populations that are not adapted to the local environment, as occurred when Portuguese seeds were introduced in the south-west of France (Boisseaux [5] ). In areas such as the Iberian Peninsula, stands of P. pinaster are under a strong human impact through recurrent forest fires and reforestation with seedlings of unknown origin (Ribeiro et al. [21] ). Southeastern and Corsican populations are affected by the spread of the bast scale Matsucoccus feytaudi Duc (Jactel et al. [14] ; Jactel et al. [15] ). Also, mediterranean populations typically display low effective population sizes in contrast with "atlantic" populations (Landes, Portugal, Galicia); such that loss of genetic diversity may be more prevalent in these populations.
To preserve the genetic diversity of P. pinaster, a conservation strategy is being planned and identification tests are to be developed to detect allochtonous seed flow in populations. Prior knowledge of the geographical distribution of genetic diversity level is needed for this purpose.
The genetic and phenotypic variation of P. pinaster has been studied using various methods. Intraspecific phenotypic variation of P. pinaster has been investigated in numerous provenance trials established in different countries (Alía et al. [1] ; Alía et al. [2] ; Harfouche and Kremer [13] ). Those field experiments have shown that morphological and adaptative traits vary significantly among provenances and, generally, a significant genotype-environment interaction is observed (Alía et al. [2] ). Several range-wide genetic diversity surveys have been carried out using terpenes, isozymes, denaturated proteins and chloroplast microsatellites (Baradat and Marpeau-Bezard [4] ; Bahrman et al. [3] ; Petit et al. [19] ; Vendramin et al. [25] ). Recent studies have been undertaken at a regional level using isozymes, AFLP markers (Amplified Fragment Length Polymorphisms), nuclear and chloroplast microsatellite markers (Salvador et al. [24] ; González-Martínez et al. [11] ; Mariette et al. [18] ; Ribeiro et al. [21] ). A test based on chloroplast microsatellites has very recently been developed in order to determine the putative origin of P. pinaster stands in the Aquitaine region of France (Ribeiro et al. [22] ). This test gives faster and more accurate results than the previous terpene-based test developed by Baradat and Marpeau-Bezard [4] .
In this paper, forty-seven populations of P. pinaster (forty from France, four from Spain, two from Portugal and one from Morocco) were analysed with three nuclear simple sequence repeats (SSRs or microsatellites). This marker type was used in preference to isozymes or dominant markers as its high rate of polymorphism is particularly useful for detection of allelic richness within populations. The main objective of this study was to synthetize patterns found for nuclear SSRs with previously published results (Mariette et al. [18] ). We discus the effectiveness of microsatellites to define conservation strategies in the species and described a test for seed origin identification developed from nuclear SSR data.
MATERIALS AND METHODS

Plant material and DNA analysis
Forty-seven populations of P. pinaster were used in the present study; their name and location are listed in table I. Their location in the natural range of P. pinaster is given in figure 1 . From each population, 30 individuals were sampled. Sixteen populations from France sampled in the west, in the centre and in the south-east were studied. In addition, data from 23 P. pinaster populations from France for the same SSR loci [thirteen from the south-west of France (Aquitaine) and ten from Corsica] analysed in a previous study were included (Mariette et al. [18] ). A putative Corsican population (Devinas), introduced in the Aquitaine region 35 years ago, was also analysed. Finally, four populations from Spain (Coca, Cómpeta, Boniches and Cazorla), two from Portugal (Oleiros and Leiria) and one from Morocco were used.
The DNA was extracted from needles according to the Doyle and Doyle [7] protocol and amplification of nuclear microsatellites was performed as described by Mariette et al. [17] . Three SSRs (coded FRPP91, FRPP94 and ITPH4516) were used.
Genetic diversity statistical analysis
Principal component analysis (PCA) was used to retrieve information about the clustering pattern of the analysed populations. PCA was performed based on the allele frequencies of the seven most frequent alleles, for each microsatellite.
For each locus, the allelic richness (number of alleles, A), the allelic frequencies, the observed heterozygosity (H O ), the expected heterozygosity (H E ), and the fixation index [F IS = 1 -(H O /H E )] were calculated as described by Brown and Weir [6] . These parameters were estimated per population and for each geographical group of populations detected with the PCA (West of France, South-East of France, Iberian Peninsula), separately. The means over the three loci were calculated. Values of genetic differentiation, F ST , were estimated following Weir and Cockerham [26] . However, as microsatellites can be assumed to evolve following a Stepwise Mutation Model, ρ ST values were also estimated following Rousset [23] . These parameters were calculated among all populations within each geographical group and among all the populations. The significance of the differentiation between pairs of populations was tested following Raymond and Rousset [20] .
Test for provenance identification
Mariette et al. [18] showed that, for one of the microsatellites (FRPP91), one allele (allele number 13, absolute size 173 bp) displayed divergent frequencies in the Corsican and the Aquitaine provenances (0.680 and 0.004, respectively). Furthermore, the differentiation between the two provenances (F ST = 0.184) was high and significantly different from 0.
Ribeiro et al. [22] developed a statistical test on chloroplast microsatellites to determine the putative origin (French versus Northwest Iberic) of forest stands sampled in Aquitaine region of France. The same approach was used in the present study with the nuclear microsatellite data set in order to develop a test to distinguish Corsican from Aquitaine populations. For this purpose, the Devinas population, recently introduced in Aquitaine, was used as the population to be tested. The test performed with each microsatellite locus separately, and with all the loci combined together, was adapted to diploid data as follows (for details see Ribeiro et al. [22] ): (1) a null hypothesis was drawn: "H 0 : the tested sample (Devinas) belongs to the Aquitaine population" and the alternative hypothesis was "H 1 : the tested sample (Devinas) belongs to the Corsica population"; (3) this formula was used to obtain the distribution of the null and the alternative hypotheses, where r is the total number of studied loci (r = 1 or r = 3), n is the total number of alleles at the ith locus found in the Aquitaine and the Corsican groups of populations, x ij R is the frequency of the jth allele at the ith locus in the reference population (chosen as the Aquitaine group of populations) and x ij k is the frequency of the jth allele at the ith locus in a sample k from the Aquitaine group of populations (to obtain H 0 ) or x ij k is the frequency of the jth allele at the ith locus in a sample k from the Corsican group of populations (to obtain H 1 ); the size of each sample k that was used in bootstraps was 30; (4) the distribution of S k for the null and alternative hypothesis was obtained by repeating 10 000 times the calculation (k = 1 to 10 000); (5) the decision of either accepting or rejecting the null hypothesis was made by comparing the value of the statistics for the tested sample (Devinas), S D , with the values of S for H 0 and H 1 .
RESULTS
Population genetic diversity analysis at each locus
At the population level, the three analysed loci showed heterogeneous levels of diversity and fixation index values. FRPP91 showed a high level of heterozygosity and allelic Genetic diversity in P. pinaster 701 
Principal Component Analysis grouping of populations
Based on the PCA (figure 2) the P. pinaster populations were clustered into three main groups. One group (No. 1 or "west of France group") composed with populations from Aquitaine, West of France, Gard and Corbières, group 2 (or "south east of France group") composed with Corsican populations and four south east of France populations (Maures, Alpes Maritimes, Var and Esterel), and group 3 clustering populations from the Iberian Peninsula (Spain and Portugal) and Morocco. Clustering the Portuguese populations in group 3 was done for geographical reasons, for they could have been grouped in "west of France group", No. 1, instead.
The first component explained 34% of the total variance and the second component explained 12%. In the first component the highest correlation was obtained with the frequency of the discriminant allele found between Corsican and Aquitaine populations, at the locus FRPP91 (r = -0.900). The frequency of this allele was 0.015, 0.579, 0.035, and 0.135 in group 1, 2, the Iberian and the Moroccan populations, respectively.
Within and among geographical groups diversity analysis
Based on the results obtained with the PCA and the geographical distribution of the populations, genetic analyses were undertaken for the three groups of populations. When H E and H 0 were considered, the highest levels of diversity were found in group 3 (Moroccan and Iberian populations). In addition, levels of diversity tended to be higher in the "west of France group" than in the "south east of France group" (table V). However, these results were not significant. At the population level, A P was the higher in the populations from the "west of France group" and in the Iberian Peninsula. However, the number of rare alleles was higher in the "south east of France group", especially in Corsica, than in the other groups (data not shown).
The mean fixation index (F IS ) was higher in the populations belonging to the group 2 than in the other groups (tables II-V). group 2 populations and 0.010 among the group 3 populations).
Genetic differentiation between provenance groups
The highest among provenances differentiation was found between group 1 and 2, as indicated by F ST and ρ ST values: 0.071 and 0.106, respectively (table VI). Group 2 was significantly differentiated from the group 3 of populations (F ST = 0.044 and ρ ST = 0.081), whereas the differentiation between the west of France group and the group 3 of populations (F ST = 0.018 and ρ ST = 0.017) had a much lower value, while significantly different from 0.
Differentiation was highly significant for all pairs of groups (all cases P < 0.0000).
Use of nuclear microsatellites to distinguish Corsican from Aquitaine populations
The frequency of the discriminant allele at the locus FRPP91 in the Devinas population was 0.550, very close from the frequency found in the Corsican populations (0.660). This indicated that Devinas could be classified as a Corsican population. Moreover, the differentiation found between Devinas and the Corsican populations was not significantly different from 0. When the statistics test was constructed with the three microsatellites, the S statistics of the Devinas population was found to be 0.99. The comparison of this value with the S distributions of Corsican and Aquitaine groups of populations revealed that Devinas was originated from Corsica (figure 3A) . The use of only one microsatellite gave a similar result, both for FRPP91 ( figure 3B ) and ITPH4516 (figure3D). However, in the case of FRPP94, despite the fact that the two S distributions of Corsican and Aquitaine groups of populations were distinct, the test did not allow to attribute the Devinas population to Corsica ( figure 3C ). In conclusion, the information given by locus FRPP91 or by locus ITPH4516 was sufficient to clarify the origin of the Devinas population.
DISCUSSION
Geographical genetic differentiation of P. pinaster
Based on terpene markers, palynological and paleoclimatological records, Baradat and Marpeau-Bezard [4] discriminated three major groups of P. pinaster: the "Atlantic group", comprising populations from southwestern France, Portugal and Galicia in Spain; the "Mediterranean group", extending from central Spain to the Ligurian coast in Italy; and finally the "North African" group that includes stands from Morocco, Algeria and Tunisia. In another study, Bahrman et al. [3] included eastern Spain in the "Atlantic group". In our study, three major groups of populations were discriminated based on the PCA: group 1 comprising populations from the west of France, (including Gard and Corbières), group 2 comprising Corsica and populations from the south east of France (Maures, Alpes Maritimes, Var and Esterel), and group 3 comprising populations from Portugal, Spain and Morocco. Group 1 was highly differentiated from group 2, but group 1 was only slightly differentiated from group 3. These results suggest that the Spanish populations could be included in the "Atlantic group" rather than the "Mediterranean group". This conclusion was also supported by a wide-range study using mitochondrial data (Burban, personal communication). However, it is important to stress that the populations from Portugal were closer to the western French populations than to the Spanish populations used in the present study. Previous studies with allozymes did not allow differentiation between Portuguese and Spanish origins (Salvador et al. [24] ). The use of nuclear SSRs could be a promising tool to discriminate between seedlots from Portuguese provenances and Mediterranean provenances from central Spain.
An unexpected result was that the Moroccan population was not differentiated from the "Atlantic group". This population might have been originated with seed coming from the "Atlantic group", as confirmed by a study made with cpSSR (Vendramin, personal communication) . However, this clustering of the Moroccan provenance should be cheked by using a broader number of populations from this region. Moreover, when the FRPP91 locus discriminant allele was considered, its frequency in the Morocco population (0.135) was intermediate between those found in the western populations (about 0) and in the eastern populations (0.579).
A general restriction of our study is the unequal number of populations that were sampled through the natural range of P. pinaster. However, based on the mitochondrial DNA study of Burban (unpublished results), we have a representative sampling of the western (Landes, Portugal and Spain) and eastern phylogenies. Moreover, the populations from Italy are also 'represented' as they belong to the eastern phylogeny. The selection of a low number of Iberian populations is based on previous studies. In fact, the four Spanish populations are typical locations of the four main groups of populations detected in Spain with allozymes by Salvador et al. [24] and González-Martínez et al. [11] : North West, East and South East (which is divided in two subgroups, both represented in the present study).
How far microsatellites can be used to define genetic resources conservation strategies in P. pinaster?
Microsatellite data obtained for P. pinaster showed contrasting genetic characteristics among geographical groups. The eastern populations (group 2) displayed a lower level of heterozygosity and a higher fixation index than the western populations (groups 1 and 3), indicating a deficiency of heterozygotes in the populations. This is especially true for the locus FRPP91 (table II) . Moreover, the differentiation among populations was much higher in the eastern populations (0.066) than in the western populations (0.016 in the west of France and 0.033 in the Iberian populations).
Conservation strategies should reflect those differences found within each group of populations. In the eastern group, microsatellite data could be useful to identify populations with private alleles in order to hold diversity reservoirs. The among population differentiation in the western groups was low within each geographical group; thus, the choice of populations should follow other criterias, by reflecting different types of ecological conditions for example. Moreover, the Iberian Peninsula populations exhibited the highest values of genetic diversity in the western group range of the species, and one population (Cómpeta) was highly differentiated from the others ( figure 2) . Therefore, this population could be considered in conservation programmes.
Nevertheless, the microsatellite data presented here are not sufficient to define genetic resource conservation strategies for P. pinaster. First, the number of markers that we considered is limited. Seventy-six SSR primer pairs from four Pinus species were tested to amplify microsatellites in P. pinaster (see details in Mariette et al. [17] ). Twenty-six primer pairs were taken from a microsatellite library for P. pinaster and the other primer pairs were obtained from other species of the same genus (P. radiata, P. strobus and P. halepensis). Only three out of the 76 SSR primer pairs amplified at a single polymorphic locus in P. pinaster. It is unlikely that a high number of SSR markers in this species will be found in the very short term. As a consequence, at the range scale of P. pinaster, all the available information from other neutral markers (isozymes, chloroplast microsatellites, AFLPs) should be considered to detect populations with higher levels of diversity or population specific alleles. Second, the F IS estimates are large enough to suggest not only some inbreeding (particularly in Corsican populations) but also the existence of null alleles, especially for FRPP94 and ITPH4516 locus. The three P. pinaster loci were positioned on P. pinaster genetic maps and no null allele was detected. However, null alleles seem to be actually quite frequent in conifer species. This has already been reported in a study on P. radiata (Fisher et al. [10] ), which pointed out the high frequency of null alleles in microsatellites of this species. It seems also to be the case in other species such as Picea abies (Scotti, personal communication) . The use of microsatellites may therefore lead to underestimation of heterozygosity and allelic richness in conifer species.
Finally, phenotypic information given by field trials should be considered, for the stands to be preserved have to be chosen integrating both molecular and quantitative data. For example, some discriminant canonical analysis using allozymes and three quantitative traits (survival, height and stem form) was performed and some correlation between quantitative traits and molecular markers in maritime pine was found (Gonzaléz-Martínez, unpublished results). A slight concordance of morphological and allozymic variation has also been reported for other forest species with wide ranges (e.g. Pseudotsuga menziesii [8] ; Picea abies [16] ; Alnus rubra [12] ).
A tool for origin identification (Corsica × Aquitaine hybrid certification)
A breeding programme for P. pinaster was initiated in the sixties in France, mainly based on the genetic variability available in Aquitaine. The Corsican populations were recently integrated to the programme, because they exhibit a better stem form, in general, whereas the Aquitaine populations are more cold resistant and vigorous. Thus, Aquitaine × Corsica hybrids will be produced within the frame of the programme. Moreover, the future development of hybrid varieties has been raised as a potential plan by the French state agency (National Forest Office: ONF).
It was possible to discriminate the distribution curves of the Aquitaine and the Corsican populations by using the three microsatellites or each microsatellite separately ( figures 3A  to 3D) . The Devinas population was tested and was found to be of Corsican origin by using the three microsatellites pooled or by using either the FRPP91 or the ITPH4516.
A more economic efficient method could be achieved by using only one microsatellite. The FRPP91 locus gave the highest differentiation between the two provenances and when the distribution curves were compared, this locus showed very distinct distribution for the two provenances. Therefore, this locus could be used solely in the identification test.
The result obtained in the foregoing paper could be applied for certification of Corsica × Aquitaine hybrid varieties. The S statistic distribution of a hybrid population could be established by using a large number of individuals originating from crossings between Aquitaine and Corsican individuals. This distribution should be completely distinct from the Aquitaine and the Corsica distribution curves, especially when the three microsatellites are pooled, or when locus FRPP91 or FRPP94 are used, since the Corsica and the Aquitaine curves did not overlap in those cases. A statistic could be computed from a λ sample (a seed lot which origin ought to be controlled), and further compared with the three distributions (Aquitaine, Corsica and hybrid). Moreover, the marker and the statistical approach are useful for P. pinaster provenance identification, but can also be applied to other forest tree identification problems, provided that the microsatellite information is available and that the distribution curves will not overlap.
